Trepanation is defined as the intentional perforation of the cranial vault with removal of a piece of skull bone. In Europe, trepanation is known to have been practiced at least since the Neolithic, and it can still be found today in East African native tribes. Two skulls with lesions from the Late Iron Age site Münsingen-Rain (420-240 BC) were investigated. The aim of this study was to analyse the lesions and to determine whether they were caused by surgical interventions. Both individuals were analysed by current morphologic-anthropological methods and radiological examinations were performed with a multislice CT-scanner. Additionally, this work surveys trepanations reported in Switzerland and calculates survival rates. In Switzerland, 34 individuals with trepanations have been published. As a tendency, the survival rate appears to be relatively high from the Neolithic to Late Antiquity but then decreases until Pre-Modern times. The 78% survival rate in Late Iron Age Switzerland indicates that the surgery was often performed successfully. Skull injuries sustained in conflicts could have been a reason for trepanation during the Iron Age.
Introduction
Ancient skulls with premortem evidence of surgical interventions are of interest to anthropologists, archaeologists, physicians, pathologists and radiologists. When definitively not caused by taphonomic changes or trauma, such "trepanations" are important in the history of neurosurgery (Gomez, 1973; Stevens and Wakely, 1993) . Trepanation is defined as the intentional perforation of the cranial vault with removal of a part of skull bone. Underlying soft tissues such as blood-vessels, meninges and the brain are usually not damaged during trepanation (Aufderheide and Rodríguez-Martín, 1998; Lisowski, 1967; Ortner, 2003; Pahl, 1993) . There are four main trepanation techniques: scraping, grooving, drilling with cutting, and sawing (Campillo, 1984; Fabbri et al., 2012; Gross, 2003; Kaufman et al., 1997; Lisowski, 1967; Pahl, 1993; Rose, 2003) .
Trepanations have been carried out to treat head injuries such as wounds and fractures (Verano, 2003; Zimmerman et al., 1981) .
Another purpose for the surgery might have been healing symptoms of diseases such as epilepsy and headaches. Campillo (1984) suggested that most trepanations may have been performed for ritual reasons. Ullrich (1997) specified a trepanation also as a treatment of the intact skull, excluding a surgery due to pathological alterations or trauma. Some conditions such as cranial dysraphism and infections, e.g. syphilis and tuberculosis, might simulate a trepanation. Anatomical variations such as enlarged parietal foramina, and ordinary trauma should also be considered as differential diagnosis (Aufderheide and Rodríguez-Martín, 1998; Steinbock, 1976) .
Another phenomenon that is assigned to the topic "trepanations" are cranial amulets from different prehistoric periods found mostly in Europe (Oeftinger and Wahl, 2000) . From Switzerland, a few amulets are known from Neolithic times (Cordier, 2005) . However, for obtaining "magic-ritual" amulets trepanations were most commonly performed postmortem (Murphy, 2003; Wahl, 2012) .
Trepanations in their original sense are still practiced today by the Kisii in Kenya with a very high survival rate of 95% (Margetts, 1967; Qureshi and Oluoch-Olunya, 2010) . Prehistoric skulls with healed trepanations, some even with multiple healed lesions, also indicate a high survival rate (Andrushko and Verano, 2008; Ramseier et al., 2005) , thus hinting at a skilful early form of cranial . Excavation plan modified after Jud (1998) . Individual A53 was found in the Latène A part (450-400BC) and individual A103 was found close to the centre which dates to the Latène B (400-260BC) period (c).
surgery in times without antibiotics. Temporal and geographical comparison of survival rates might provide information about the reasons for trepanning, such as medical or ritual purposes.
About two thousand trephined skulls dating from 500 BC to 1500 AD have been reported from Peru (Andrushko and Verano, 2008; Jørgensen, 1988; Kurin, 2013; Marino and Gonzales-Portillo, 2000; Rose, 2003; Verano, 2003; Verano and Andrushko, 2010) . Trepanations are also recorded from other South American countries, such as Bolivia (Juengst and Chávez, 2015) , Colombia (Gomez, 1973) and Mexico (Christensen and Winter, 1997; Velascosuarez et al., 1992; Wilkinson, 1975) . Some trephined skulls have also been found in North or North-eastern Africa (Martin, 2013; Nikita et al., 2013; Pahl, 1993) , Anatolia (Erdal and Erdal, 2011) , Russia (Krivoshapkin et al., 2014) and East Asia (Han and Chen, 2007) .
Trepanation in Europe is known to have been practiced since the Neolithic (Roberts and Manchester, 1995; Verano and Andrushko, 2010; Weber and Wahl, 2006) including several recent reports, e.g. from Italy (Novak and Knüsel, 1997) , Germany (Piek et al., 1999; Weber and Wahl, 2006) , Poland (Lorkiewicz et al., 2005) and Portugal (Gama and Cunha, 2003; Silva, 2003) . There are older cases of possible trepanations from Mesolithic times summarized by Crubézy et al., (2001) . However, these are isolated cases that might lead to different interpretations.
The Late Iron Age in Switzerland spans the time from 450 to 15 BC (Müller et al., 1999) . Little is known about the population, also known as the Celtic culture (Birkhan, 2007) as written sources are scarce and often unclear. By contrast, investigations of archaeological remains are a direct scientific source. Research on pathologies (Moghaddam et al., 2013; Ubelaker and Pap, 1998) , pre-and perimortem trauma (Armit et al., 2013) , as well as nutrition and migration (Le Huray and Schutkowski, 2005; Moghaddam et al., 2014; Oelze et al., 2012) has shed light on life, disease and society of these populations.
This study presents two skulls with lesions from the Late Iron Age cemetery of Münsingen-Rain in Switzerland. The aim was to determine whether the lesions were caused by surgical intervention while the individuals were alive, or if they were caused either by postmortem manipulation or damage.
Furthermore, this work surveys trepanations found in Switzerland, discusses the survival rates and considers sex and age of the affected individuals and localization of the trepanations. Changes in survival rates over time and in different geographical areas might provide explanations for the surgical implementation.
Material and methods
The Late Iron Age burial site of is situated in the Aare valley near Bern (Fig. 1) . It was excavated in 1906 and first published by Wiedmer-Stern (1908) . Due to its large size and the abundance of grave goods Münsingen-Rain is an indispensable reference for the Late Iron Age (Müller et al., 1999) . In total, 220 burials were found. The skulls of 77 individuals and few long bones were collected; most of the bones were thrown away after the excavation. The burial site presented a horizontal stratigraphy where the individuals were buried in chronological succession from north to south. The northern part dates to the Latène A (450-400 BC) and the southern part to the Latène C period (260-150BC) (Müller, 1998) . Two individuals with lesions on the skull were found (Fig. 2a-c) . Like most other individuals at the site they were interred with grave goods (Hodson, 1968) . Individual A53 was found with a bronze ring, while individual A103 was found with two fibulae and glass fragments. They did not contain weapons even though many other graves at the site did (Jud, 1998; Moghaddam et al., 2014) .
Morphologic-anthropological investigation
All curated bones from Münsingen-Rain have been described in a catalogue (Hug, 1956 ). Sex and age were re-estimated for both skulls using current anthropological methods (Ferembach et al., 1979; Rösing et al., 2007; Sjøvold, 1988; Szilvássy, 1988) . The age at death estimation was based upon cranial suture closure (Acsádi and Nemeskéri, 1970) and dental wear (Brothwell, 1981) as only the skulls were available. The individuals were assigned to different age classes (infants I = 0-6 years; infants II = 7-12 years; juvenile = 13-20 years; adult = 20-40 years; mature = 40-60 years; senile = 60+ years).
Computed tomography
Radiological examinations were performed with a multislice CT scanner (Somatom 6, Siemens Medical Solutions, Germany) with the acquisition parameter set to 110 kV tube voltage and 250 mA tube current. Gantry rotation time was 1.5 s and slice thickness was set to 1.25 mm with 0.60 increment. Images were displayed in a 512 × 512 matrix. For image reconstruction B30 and U90 kernels were used.
Survival rate
All reported trepanations from different time periods found in Switzerland were compiled (Meyer et al., 2014; Ramseier et al., 2005) . To calculate the survival rate by means of the following formula every single trepanation rather than the individuals were taken into consideration (iv = intra vitam, perim = perimortem): 
Results

Skull A53
The individual has a prominent glabella and large mastoid processes, based on which it was identified as male. The cranial sutures and dental wear placed the age at death in the adult range. No pathological alterations such as cribra orbitalia, cribra cranii, porotic lesions or caries were observed. There is an elliptically shaped lesion on the left os parietale with partly irregular margins and a funnel shape at the anterior and posterior area (Fig. 3) . The lesion's maximal length is 50 mm and its maximal width 37 mm. No signs of healing are visible on its margins. CT imaging shows a rounded shape with outward bevelling at the anterior part of the lesion (Fig. 4A-F) . The posterior part appears mostly irregular, and CT imaging recorded rather sharp edges (Fig. 4A-F ) with no signs of healing.
Skull A103
The individual is identified as male based on the robust skull with a prominent glabella and a distinctive mandibula. The cranial sutures and dental wear indicate an adult to mature age at death. This skull shows no pathological alteration other than two funnelshaped openings on both ossa parietalia (Fig. 5) . The lesion on the left side is maximally 25 mm long and 22 mm wide on the tabula interna and broadens towards the outside due to bevelled edges. The bevelling is less pronounced in the lesion on the right side. Its maximal length on the tabula interna is 44 mm and its maximal width 37 mm. Due to bad preservation the exact measurement on the outer table is not possible but is thought to be 1-2 mm bigger in size for both trepanations.
Both lesions show characteristic outward bevelling in CT imaging (Fig. 6) . While some signs of healing on the right lesion are visible macroscopically, no such signs can be detected on the CT images. Table 1 shows a review of 34 cases with 43 alleged trepanations in more detail modified after Ramseier et al., (2005) . Three cases for which no detailed information is available (Table 1 , marked with stars) are excluded from further evaluation. Most of the reported 31 crania are adults between 20 and 50 years ( Table 1 ). The number of trepanations per cranium varied from one to four, and 32% of the trephined skulls in Switzerland are from the Neolithic, 29% from the Iron Age (including the cases presented here), and 26% from the Early Middle Ages.
Trepanations in ancient Switzerland
Survival rate
In Switzerland, a total of 57% (23/40) of the surgical interventions were described as intra vitam due to presence of bone reaction. Therefore, the survival rate during the Iron Age is 78%. For the Neolithic it is 72%, for both the Bronze Age and the Late Antiquity it is 100%, whereas a survival rates of 50% was found for the Early Middle Ages. In the Middle Ages it was 0%. One case with four trepanations from Pre-Modern times was described recently for which the survival rate was 75% (Meyer et al., 2014) .
Discussion
Skull A53
The lesion appears to be a complete trepanation with both tables perforated. There is no bone reaction, which would have been a sign of vitality, and the individual probably died during or shortly after the surgery. The visibility of details is limited due to the bad preservation of the bone surfaces. However, a postmortem trepanation, later damage or even pathological alterations are unlikely due to the lesion's small size and elongated shape. The funnel shape is indicative of the scraping technique; therefore, no intact bone piece could have been obtained and used as an amulet (Murphy, 2003; Novak et al., 2013) . Such amulets from human skull bone are known from the Iron Age, e.g. from France. But until now, no evidence for the Swiss Iron Age exists (Cordier, 2005) .
The most likely conclusion is that multiple trepanations were carried out, maybe with a combination of techniques. The funnel shaped areas at the anterior and the posterior part (Fig. 7 , marked yellow) suggest that scraping was performed. The lateral and medial areas of the margins are more irregular. The middle part was probably drilled and then removed (Fig. 7, marked red) . A second and third surgical intervention may have taken place, because no improvement of symptoms was obtained after the first. The smaller elongated lesion might lead to the suggestion that the trepanation had a therapeutic background and was performed to treat an earlier trauma (Kanz and Grossschmidt, 2006; Müller and Lüscher, 2004) .
Skull A103
Both lesions are nearly symmetric (Fig. 6) . The margins indicate that the scraping technique was used, and they seem to have been carried out carefully. The left lesion shows no signs of bone reaction while the right site shows slight evidence of healing (Fig. 8 , marked red) even though this was not detected on the CT images, possibly because of the resolution of 1.25. Analysis with X-ray microtomography in the future could provide more detailed images of the margins (Flohr et al., 2015) . The results so far indicate that the right trepanation was done first, followed by the second after some time. Table 1 Trepanations found in Switzerland. f = female; m = male; l = left; r = right; pm = post mortem; perim = perimortem; iv = intra vitam; nd = not determined; * = uncertain trepanation (modified after Ramseier et al. (2005) The individual probably died during or short time after the second surgical intervention. Due to their symmetry, it is unlikely that a previous head injury was the reason for the surgery. Recurring headaches or other neurological symptoms are suggested to be an indication for multiple trepanations (Verano and Finger, 2010) . This could have been the reason here as well.
Trepanation in ancient times
In all time periods, the lesions are mostly located in the ossa parietalia (Bennike, 2003; Bereczki et al., 2015; Roberts and Manchester, 1995; Silva, 2003; Weber and Czarnetzki, 2001) . Throughout Europe, most cases are Neolithic (Roberts and Manchester, 1995; Verano and Finger, 2010) . In Austria, however, most reported trepanations date to the Late Iron Age (54%), and only 7% are Neolithic (Breitwieser, 2003) . A distribution similar to that of Switzerland is found in Denmark, where one third of the cases also date to the Iron Age (Bennike, 2003) . However, in Britain the majority of trepanations were from the post-Roman Anglo-Saxon period with only 13% dating to the Iron Age (Roberts and McKinley, 2003) . Roberts and McKinley (2003) suggest that the practice of trepanation in Britain might have been influenced from continental Europe and became more popular during the Anglo-Saxon period. The Swiss data correspond to the published distributions of continental Europe very well. It should be kept in mind though that not all cases might have been identified or reported.
The trepanation frequency in the total number of preserved skulls from Münsingen-Rain is relatively high with 2.6% compared to an overall frequency of trepanned skulls of 1% for the Iron Age in central Europe (Piek and Terberger, 2008) . The high frequency in Münsingen could be due to the fact that the Münsingen population was of high social status (Müller et al., 2008) . Additionally, males had a "special" role in the population as stated by stable isotope analysis (Moghaddam et al., 2014) . In total, only one trepanned individual from Iron Age Switzerland was female (11%), two were not determined, and six (67%) were male (Table 1) . This unbalanced distribution assists the hypothesis that trepanations may have been carried out as a surgical treatment of injuries sustained through interpersonal violence. Similar sex distributions can also be found in other parts of Europe: Roberts and McKinley (2003) found that 65% of the trepanned individuals were males and 13% females during the British Antiquity. Silva (2003) reported 22 trepanations in Neolithic individuals, none of which was female. The abundance of weapons found in male graves in Münsingen-Rain should be kept in mind in this context since it is likely that "warriors" were buried there (Jud, 1998; Müller and Lüscher, 2004) . However, items of weaponry could have also been a mandatory attribute of individuals who were not involved in battles.
Most individuals from Iron Age Switzerland show trepanations on the left os parietale (Mariéthoz and Curdy, 2005; Ramseier et al., 2005) . This pattern is frequently seen in research of trepanations and trauma (Andrushko and Verano, 2008; Jørgensen, 1988; Verano, 2003) . Previous combat with a right-handed adversary is often suggested as an explanation for this observation (Tung, 2007) and should also be considered for Late Iron Age Switzerland.
The drilling technique is indicated for individual A53 in combination with scraping. Drilling technique trepanations in Iron Age skulls are known from Austria suggesting that the technique was brought into the Celtic culture via cultural exchange with the Mediterranean world around 400BC. Celtic drills were probably made of organic material, while in Greek and Roman times they were mostly made of iron (Breitwieser, 2003) . Whether a trepan made from iron or another drilling tool was used for A53 remains unclear. This individual dates to LTA period (450-400BC) and thus to that time period of cultural exchange.
Survival rates
The survival rate for Münsingen-Rain is 33% since none of the two individuals survived the surgical intervention, even though individual A103 probably lived for some time after the first trepanation. The scraping technique was used for both individuals. Verano (2003) showed in ancient skulls from South America that those with scraping technique had the highest survival rates. During Swiss Iron Age the skills or medical knowledge may have varied between the different tribes or periods. All individuals from Sion and BaselGasfabrik, which date to LTC-LTD period (260-15BC) show bone healing. An explanation for this high rate, compared to Münsingen-Rain, could be that an improvement might have taken place over time.
The total survival rate in Iron Age Switzerland of 78% seems to be relatively high. In contrast to that, only 25% of the trepanations from Iron Age Britain are healed, and the highest survival rate is found in the post-Roman Anglo-Saxon period (Roberts and McKinley, 2003) . Even though the sample size is too small for such calculations, as a tendency the survival rate for all cases from Switzerland appears to be relatively high from the Neolithic to the Late Antiquity, but decreases after the Late Antiquity until the Pre-Modern time. Multiple trepanations with high survival rates are also reported from prehistoric Switzerland, some from the Neolithic and also the Iron Age, which one of them is presented in this study. One skull with two trepanations was found from the Early Middle Ages while this individual didn't survive the surgeries. The comparisons of survival rates leads to the assumption that there might have been a higher limitation of infections through natural antiseptics such as herbs and also a certain knowledge of the human body in prehistoric times (Andrushko and Verano, 2008) . One case with four trepanations dating to the Pre-Modern times was recently published, three of them with signs of healing (Meyer et al., 2014) . This indicates that surgeries were improved again after the Middle Ages.
Conclusion
Three trepanations on two skulls from Iron Age Switzerland were investigated. The first case shows one trepanation most likely performed with multiple trepanation techniques. The trepanation was apparently not survived. The second individual shows two trepanations and probably died during or short time after the second surgical intervention.
The high survival rate indicates that neurosurgeries were often performed successfully in prehistoric times. Neurosurgery appears to be one of the world's oldest specialised professions. The study of ancient surgery sheds light on the culture of prehistoric populations and their understanding of the human body.
